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Figure1.  Parent-offspring regression for smolting for 10 family means for 200 families of F2 offspring (99-03 broods) of 
captive brood (96 brood year (F1)) derived from wild fish (P1) in 1996.  Each data point represents the mean proportion of 
smolts produced by pooled lots of 10 families which were produced by 20 parents with specific histories of smolting (e.g. 
60% for parents is equivalent to 12 parents that smolted and 8 that did not).
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ABSTRACT
Records from the late 1700’s until present indicate that thousands of reservoirs for mining, irrigation, hydropower, ranching and domestic uses have been built 

on rivers and streams throughout California, Oregon, Washington and Idaho.  The vast majority of these projects have not retained the ability for fish passage in one or 
both directions.  As a consequence, hundreds of isolated populations of formerly anadromous fish, particularly steelhead (Oncorhynchus mykiss) were unintentionally 
created.  Many of these populations undoubtedly died out or were altered with additions of hatchery fish, however, it is likely that when conditions were favorable, many 
populations adapted to their new environments and remain to this day.  Because of severe population declines of anadromous fish in recent decades, these isolated 
populations may, in some cases, retain the majority of the genetic heritage of many distinct population segments of both anadromous and resident forms of O. mykiss.  
To determine if captive populations of F1 offspring of fish thus isolated for decades can still produce smolts that adapt to seawater and successfully return to spawn as 
ocean-ranched adults, we produced 10 families each of F2 offspring of pure lines of anadromous steelhead and resident rainbow trout, (descendants of a previous 
stocking 70 years before from the same anadromous steelhead stock) plus reciprocal hybrid lines.  We repeated this design for five broods (200 families in total) from 
the same captive year class (1996).  Smolt production varied substantially between lines and between brood years with the anadromous line producing significantly 
more smolts than the resident line in four of the five years.   Smolt production was related more to smolting history of the parents than genetic origin (line).  Marine 
survival data, available for 3 complete broods and part of a fourth, indicated however, that survival of smolts, was related more to genetic origin than to smolting history 
of the parents.  Smolting rates and marine survival of the F2 progeny were similar to, or higher, than those of the F1 progeny, indicating that completely captive 
broodstock, derived from isolated populations, could be an important component of a recovery plan for endangered stocks of anadromous rainbow trout.

Table 1.  Early maturation, smolting rates, smolt size, and marine survival for five broods of offspring produced from  
a single generation of captive fish produced from collections of gametes from wild fish in 1996.  Sibling fish of the 
1996 brood captive fish were released to evaluate marine survival (Thrower et al. 2004) and those results are included for comparison.

  Smolting Rate (%) Proportion Smolt Smolt    Smolts Marine  
Brood Line Parental type Parents Offspring Age 2 Maturity Weight (g) Length (mm) Released Survival (%)
1996 A X A wild 100 67.8 0.082 72.4 193 1832 2.78
1996 R X R wild 0 55.6 0.125 71.9 191 961 0.83
1996 A X R wild 50 50.0 0.107 70.8 192 1199 1.08
1996 R X A wild 50 79.4 0.119 88.1 204 451 2.66

1999 A X A captive (1996 brood) 10 17.8 0.103 60.5 179 586 6.31
1999 R X R captive (1996 brood) 0 24.4 0.046 63.5 182 732 2.19
1999 A X R captive (1996 brood) 20 14.2 0.099 77.2 191 425 4.00
1999 R X A captive (1996 brood) 30 28.3 0.104 66.7 186 905 4.31

2000 A X A captive (1996 brood) 100 72.6 0.055 65.1 183 2206 6.07
2000 R X R captive (1996 brood) 0 20.6 0.193 62.7 177 686 1.20
2000 A X R captive (1996 brood) 50 36.4 0.094 63.7 179 1245 4.66
2000 R X A captive (1996 brood) 20 32.9 0.150 65.1 182 1075 2.88

2001 A X A captive (1996 brood) 95 62.4 0.032 68.4 192 2173 5.61
2001 R X R captive (1996 brood) 40 37.8 0.069 73.4 193 1006 0.80
2001 A X R captive (1996 brood) 80 58.3 0.031 71.3 193 1916 2.77
2001 R X A captive (1996 brood) 60 46.5 0.034 62.5 187 1432 2.72

2002 A X A captive (1996 brood) 100 84.1 0.017 79.5 204 2602 5.84*
2002 R X R captive (1996 brood) 100 72.9 0.088 74.6 199 2249 0.44*
2002 A X R captive (1996 brood) 100 78.0 0.018 87.5 207 2354 2.54*
2002 R X A captive (1996 brood) 100 83.5 0.059 85.0 200 2665 3.38*

2003 A X A captive (1996 brood) 100 86.0 0.047 126.5 226 2430 na
2003 R X R captive (1996 brood) 100 80.9 0.086 124.9 230 1906 na
2003 A X R captive (1996 brood) 100 88.4 0.051 119.3 226 2455 na
2003 R X A captive (1996 brood) 100 88.8 0.020 127.9 227 1884 na

* Marine survival adjusted for incomplete returns (2-Ocean recoveries only to date) 

Figure 4.  Marine survival of F1 (1996) brood smolts produced from wild 
parents, and F2 (1999-2002) brood smolts produced from captive parents 
of pure anadromous, pure resident, and reciprocal hybrid lineages 
showing consistently higher survival of the pure anadromous lineage over 
the pure resident lineage and the intermediate survival of the hybrids.  
Survival of the 2002 brood is based on estimates of returns of two-ocean 
fish only.

The results of this study demonstrate that captive broodstocks of populations of resident O. mykiss from lakes and reservoirs where anadromous 
populations were formerly present, are capable of producing offspring and adults with similar fitness characteristics (of those measured in this study) as those of 
offspring of wild fish reared under similar conditions.  Of particular importance is the very similar performance of offspring, whether the parents were reared entirely 
in freshwater, or, when using a combination of freshwater and seawater.  Reduced dependence on the marine phase of rearing greatly reduces costs associated 
with expensive pumped seawater systems or marine net-pen sites.  In some cases, particularly colder areas, poorer freshwater growing conditions that reduce the 
average fish size also allow for maintenance of larger broodstock populations, for a given cost, which can reduce the potentially catastrophic impacts of inbreeding 
depression (Thrower and Hard, in press).   Araki et al (2006) demonstrate the successful integration of supplemented fish of appropriate genetic background and 
wild fish into a supplementation program.  Denier et al (2007) document the existence of genetically similar anadromous and reservoir-sequestered resident fish of 
formerly anadromous origin in a California reservoir;  Thrower and Joyce (2004) demonstrate that resident fish, sequestered for decades in freshwater but of 
formerly anadromous origin, can still produce viable smolts and adults that survive a wild marine environment and, this study demonstrates that captive broodstock 
derived from wild fish can produce viable smolts and adults whether captive fish are retained in freshwater or developed in a freshwater-seawater program.  These 
studies indicate the wide range of opportunities available for recovery planning for endangered population segments of O. mykiss, and, the critical role for native 
populations sequestered in reservoirs throughout the western U. S.  

CONCLUSIONS

Figure 2.  Mean length of smolts from F1 progeny of wild fish (1996) and F2 progeny of ca
fish (1999-2003) showing very few differences between lineages and moderate differences
to environmental conditions (water temperature/spawning date) between brood years.
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Table 4.  Mean snout-fork length (mm), mean weight (g), total egg weight (g), mean egg weight (g) and total egg number  for mature, age 5 (three years at sea), female steelhead 
recovered at the Sashin Creek weir from tagged releases of juveniles derived from gametes from wild or captive parents for four lines:  AXA - pure anadromous (Sashin Creek); RXR -
pure resident (Sashin Lake); AXR - Anadromous female X Resident Males; RXA - Resident female X Anadromous male. 

Ocean Ocean
Brood Line Parental type Age 3 length sd n Age 3 weight sd n Total egg wt sd n Wt. 50 eggs sd n Total egg no. sd n
1996 A X A wild 760 37.0 19 4634 587.3 19 429.9 119.6 3 7.57 0.351 3 2869 923.6 3
1996 R X R wild 734 31.4 4 4209 603.2 4 518.1 134.4 3 7.27 0.802 3 3534 558.6 3
1996 A X R wild 766 31.6 6 4575 818.0 5 590.3 590.3 2 6.60 0.566 2 4481 220.6 2
1996 R X A wild 744 1 4320 1

1999 A X A captive (1996 brood) 733 15 4319 837.6 15 550.9 91.3 14 6.90 0.478 14 4037 835.2 14
1999 R X R captive (1996 brood) 726 28.9 10 3858 540.5 10 449.4 86.0 10 6.40 0.485 10 3527 718.8 10
1999 A X R captive (1996 brood) 757 38.2 7 4360 583.4 7 540.0 58.5 7 7.18 0.399 7 3773 482.8 7
1999 R X A captive (1996 brood) 727 31.8 16 3707 470.5 15 443.6 113.5 15 7.02 0.917 15 3147 607.5 15

2000 A X A captive (1996 brood) 722 34.5 18 3825 445.1 17 501.5 88.3 14 7.04 0.432 14 3564 605.1 14
2000 R X R captive (1996 brood) 685 15.5 3 3193 379.0 3 302.9 47.2 2 6.21 0.813 2 2487 706.4 2
2000 A X R captive (1996 brood) 743 29.7 16 4292 536.1 15 545.4 116.9 14 7.33 0.490 14 3731 780.3 14
2000 R X A captive (1996 brood) 741 50.3 9 4164 861.2 9 503.1 101.6 7 6.57 0.520 7 3821 617.7 7

2001 A X A captive (1996 brood) 739 32.9 60 4141 510.5 59 575.1 93.5 40 7.33 0.631 42 3916 706.5 40
2001 R X R captive (1996 brood) 715 19.3 4 3795 269.0 4 455.9 58.6 4 6.43 0.745 4 3589 643.4 4
2001 A X R captive (1996 brood) 723 30.2 25 4044 539.4 25 490.4 103.8 22 6.56 0.474 22 3684 711.6 22
2001 R X A captive (1996 brood) 734 36.8 20 4055 570.9 20 534.1 84.8 16 6.91 0.440 16 3880 684.4 16

2002 A X A captive (1996 brood) na na na na na
2002 R X R captive (1996 brood) na na na na na
2002 A X R captive (1996 brood) na na na na na
2002 R X A captive (1996 brood) na na na na na

Grey box indicates no significant difference between lines within brood
Pink box indicates significant difference (p<=0.05) from other lines within brood

Table 2.  Mean snout-fork length (mm) and mean weight (g) for mature adult male steelhead age 4 (ocean age 2) and 5 (ocean age 3)recovered at the Sashin Creek weir from tagged releases of juveniles derived 
from gametes from wild or captive parents for four lines:  AXA - pure anadromous (Sashin Creek); RXR - pure resident (Sashin Lake); AXR - Anadromous female X Resident male; RXA - Resident female X 
anadromous male.

Ocean Ocean Ocean Ocean
Brood Line Parental type Age 2 length sd n Age 2 weight sd n Age 3 length sd n Age 3 weight sd n
1996 A X A wild 633 37.4 16 2455 392.4 16 775 12.5 3 4569 239.3 3
1996 R X R wild 601 21.4 3 2027 268.6 3
1996 A X R wild 594 1 2000 1 763 53.0 2 4362 1213.4 2
1996 R X A wild 630 17.0 8 2439 189.5 8 762 18.4 2 4618 576.3 2

1999 A X A captive (1996 brood) 643 29.0 8 2603 348.6 7
1999 R X R captive (1996 brood) 623 31.8 2 2250 410.1 2 692 13.0 3 2913 253.2 3
1999 A X R captive (1996 brood) 649 47.4 2 2610 579.8 2
1999 R X A captive (1996 brood) 594 21.0 12 1966 213.2 12 679 19.0 3 2860 445.4 3

2000 A X A captive (1996 brood) 636 29.0 77 2428 363.9 77 764 67.8 11 4641 1310.0 11
2000 R X R captive (1996 brood) 608 32.6 3 2067 313.9 3 770 1 3760 1
2000 A X R captive (1996 brood) 623 30.1 25 2256 361.7 25 800 52.5 7 5012 1045.0 7
2000 R X A captive (1996 brood) 621 24.8 14 2283 248.8 14 740 24.5 3 3900 183.0 3

2001 A X A captive (1996 brood) 621 34.7 21 2273 391.7 21 763 44.1 40 4356 827.7 40
2001 R X R captive (1996 brood) 644 1.4 2 2590 67.9 2 706 86.3 2 3090 1286.9 2
2001 A X R captive (1996 brood) 615 29.0 16 2250 287.8 16 739 48.4 10 4046 800.6 10
2001 R X A captive (1996 brood) 613 36.3 16 2229 421.6 16 773 48.0 4 4480 793.5 4

2002 A X A captive (1996 brood) 648 39.3 55 2653 522.6 55 na na
2002 R X R captive (1996 brood) 593 32.2 5 2044 333.0 5 na na
2002 A X R captive (1996 brood) 624 40.7 21 2468 486.0 21 na na
2002 R X A captive (1996 brood) 617 32.5 30 2329 332.1 30 na na

Grey box indicates no significant difference between lines within brood
Pink box indicates significant difference (p<=0.05) from other lines within brood

Table 3.  Mean snout-fork length (mm), mean weight (g), total egg weight (g), mean egg weight (g) and total egg number  for mature, age 4 (two years at sea), female steelhead 
recovered at the Sashin Creek weir from tagged releases of juveniles derived from gametes from wild or captive parents for four lines:  AXA - pure anadromous (Sashin Creek); RXR -
pure resident (Sashin Lake); AXR - Anadromous female X Resident Males; RXA - Resident female X Anadromous male. 

Ocean Ocean
Brood Line Parental type Age 2 length sd n Age 2 weight sd n total egg wt sd n wt. 50 eggs sd n total egg no. sd n
1996 A X A wild 620 29.3 6 2572 280.2 6
1996 R X R wild
1996 A X R wild 620 1 2480
1996 R X A wild 586 1 2410

1999 A X A captive (1996 brood) 631 28.0 10 2599 338.0 10 303.7 45.6 4 5.56 0.562 4 2749 465.2 4
1999 R X R captive (1996 brood) 584 1 2060 1 280.3 1 5.05 1 2776 1
1999 A X R captive (1996 brood) 629 28.0 2 2580 327.6 7 281.3 281.3 7 5.66 0.314 7 2477 318.6 7
1999 R X A captive (1996 brood) 603 28.0 6 2224 289.6 6 220.0 220.0 3 5.74 0.708 3 1946 626.3 3

2000 A X A captive (1996 brood) 626 21.8 24 2564 354.6 24 331.2 61.8 23 5.71 0.577 23 2914 543.4 23
2000 R X R captive (1996 brood) 586 1 2060 1 236.5 1 4.71 1 2510 1
2000 A X R captive (1996 brood) 622 17.1 8 2510 253.2 8 281.6 51.3 8 5.45 0.513 8 2598 502.2 8
2000 R X A captive (1996 brood) 593 7.0 4 2270 118.3 4 288.2 37.5 4 5.29 0.446 4 2722 190.3 4

2001 A X A captive (1996 brood) 615 1 2600 1 309.7 1 5.48 1 2826 1
2001 R X R captive (1996 brood)
2001 A X R captive (1996 brood) 622 2 2700 2 225.8 1 5.60 1 2016 1
2001 R X A captive (1996 brood)

2002 A X A captive (1996 brood) 629 33.2 21 2660 428.7 21 346.8 66.9 16 5.85 0.362 15 2941 628.3 15
2002 R X R captive (1996 brood)
2002 A X R captive (1996 brood) 632 28.40 9 2647 291.4 9 328.9 68.3 6 5.40 0.355 6 3064 701.3 6
2002 R X A captive (1996 brood) 607 25.30 14 2426 292.8 14 303.2 34.0 11 5.79 0.298 11 2619 274.4 11

Grey box indicates no significant difference between lines within brood
Pink box indicates significant difference (p<=0.05) from other lines within brood

Massive habitat degradation from dam construction, farming, logging and urbanization has resulted in dramatic reductions in populations of trout and 
salmon throughout the Western U.S. in the last century.  These reductions have been severe enough to require the listing of the majority of the distinct 
population segments (DPS) of steelhead, the anadromous form of Oncorhynchus mykiss, as endangered under the Endangered Species Act (ESA).  As 
part of the listing process, recovery plans, which identify a path to recovery of each listed DPS, are required to be developed. In some cases, recovery 
plans include augmentation of the extant population with fry, juveniles or adults that have been produced through the artificial propagation of gametes 
collected from the remaining wild fish. In many cases the remaining population is so small that any removal of gametes represents a risk to its continued 
survival, and, numerically, represents a severe danger of inbreeding and its associated depressive effects, to the population.  Ironically, the very dams 
and associated reservoirs that imperil anadromous populations today, may still retain the bulk of the ancestral genetic legacy which now may reside in 
the resident populations of O. mykiss trapped behind the dams for many decades (Deiner et al. 2007).  Recent research (Pella and Masuda 2004) has 
demonstrated that, in some cases, these resident forms retain the ability to produce the anadromous forms and these can survive a wild marine 
migration and successfully return to spawn.  Gametes of wild resident forms can also be brought into a hatchery environment to produce pure lines of 
resident forms, or, mixed with gametes of related anadromous forms, and produce anadromous smolts that successfully survive a wild marine migration 
(Thrower and Joyce 2004).  While this form of supplementation is used, it is expensive and difficult to annually trap fish in the wild and also presents a 
continued handling risk to already depleted populations. 

If offspring could be produced after a single generation of complete captivity that still retained critical fitness elements (e.g. smolt production, smolt 
size, marine survival, adult size, etc.), the increase in production of gametes would be substantial, and, as long as the appropriate genetic concerns are 
addressed, could improve the potential success for restoration with potentially lower cost and risk.  In our experiment, we collected gametes from a wild, 
anadromous population of steelhead and from a wild resident population that had originated from the anadromous population 70 years earlier.  We 
made pure lines and reciprocal hybrid lines from the gametes and, after normal hatchery rearing, released about half of the resulting smolts to the ocean 
and retained the other half in captivity for culture to adult.  From the captive adults, we produced offspring in five sequential years, recreating all the lines 
and compared the resulting smolts and adults to the siblings of their parents that had been released earlier.
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Shown right:  Sexually mature, five year old  
male steelhead;  one of several thousand 
captive broodstock fish used to produce the 
five broods of offspring compared in this 
experiment to determine the utility of this 
technology for recovering endangered, 
anadromous O. mykiss populations.  Captive 
adults such as this one were raised in 
freshwater only, or, a combination of 
freshwater and marine net-pens.  Their 
offspring and those produced from gametes 
from wild parents, were used to compare 
survival and growth in captivity, and, at liberty 
after release to the ocean.  Five broods of 
offspring of captive brood fish of pure 
anadromous or pure resident origin had 
similar smolting, growth and survival 
characteristics as those produced from 
gametes collected from wild parents.
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